The molecular mechanisms that control Smad subcellular localization and activation are not fully understood. The R-Smads appear to be retained in the cytoplasm in
(upper panels). It takes approximately 10 min of continuous TGF-␤ stimulation before ase reporter used was stably integrated in these cells. In NIH3T3 cells the TGF-␤ receptors remained active for nuclear P-Smad2 is detectable. The levels of nuclear P-Smad2 peak at approximately 45 min after TGF-␤ at least 2-3 hr ( Figure 1C ), which is consistent with the observation that the R-Smads remain nuclear for a slightly stimulation and decline after 5 hr but do not decrease to zero even after 8 hr. The accumulation of bulk Smad2 shorter time in NIH3T3 cells compared with HaCaTs ‫1ف(‬ hr less; see above). and Smad3 mirrors the behavior of P-Smad2 ( Figure 1A , upper panels); levels of PARP act as a loading control.
Taken together, these data indicate that TGF-␤ receptors remain active for at least 3-4 hr in HaCaT cells and The slow trailing off of the P-Smad2 signal after 5 hr of continuous stimulation is likely due to resynthesis of at least 2-3 hr in NIH3T3 cells, and this is required for maximal TGF-␤-induced transcription of reporter genes. some component of the pathway (probably both receptors and Smads), since in the presence of the protein To validate this experimental approach and to determine whether the results really reflected the dynamics synthesis inhibitor, cycloheximide, the disappearance of P-Smad2 from the nucleus occurs more abruptly after of receptor activity, we performed an analogous experiment with an unrelated family of receptors that were 3 hr of continuous TGF-␤ stimulation ( Figure 1A , lower This experiment validates our approach in that transient signaling is readily detected using this experimental design. We therefore conclude that in contrast to tyrosine kinase receptors such as the EGF receptor, signaling from the serine/threonine kinase TGF-␤ receptors is very prolonged when receptor activity is monitored. The very rapid activation of the EGF receptors is obvilocalized to the cytoplasm at later time points. One hour after the addition of SB-431542 (120 min time point), ous from the detection of substantial levels of phosphorylated activated ERK1 and ERK2 1 min after EGF stimuSmad2 and Smad3 were distributed between the cytoplasm and nucleus, and after a further hour (180 min time lation (Figure 2A ). The levels of phosphorylated ERK1 and 2 peaked at 5 min, decreased substantially after 30 point) they were found to be predominantly cytoplasmic and resembled the unstimulated state ( Figure 3B , upper min, and were virtually back to basal levels at 120 min post-EGF stimulation (Figure 2A) . From the transcrippanels). Similar behavior was seen for Smad4, although ., 2000) . LMB, as a result of a constitutively active NLS in its MH1 domain and a constitutively active NES in its linker rehowever, has no effect on the localization of Smad2 and , 2000) , or, alternatively, they could exit by diffusion, since they are within the size range that can theoretically
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Receptors in the Cytoplasm
The specificity of biological responses to particular sigdiffuse through the nuclear pores (Gorlich and Kutay, 1999).
nal transduction pathways can be determined by both R-Smad/co-Smad complexes and export of the inactive Smads to the cytoplasm. If the receptors are still active, the Smads will be reactivated and return to the nucleus. If the receptors are no longer active, the Smads accumulate back in the cytoplasm. We conclude that the complexes dissociate in the nucleus because the export of Smad2 and 3 from the nucleus occurs independently of Smad4 export. Smad4 export depends on the nuclear transport receptor, CRM1, while Smad2 and 3 are actively exported via a CRM1-independent mechanism. Since recent work has demonstrated that the complex formation is mediated by the phosphoserine residues on the R-Smads (Wu et al., 2001b) , we conclude that dephosphorylation of the R-Smads by an as yet unidentified nuclear phosphatase is responsible for triggering complex dissociation. The model provides an explanation for the continuous shuttling activity of Smad4. It has recently been proposed that the mechanism for ensuring that R-Smad/ co-Smad heteromeric complexes form rather than homomeric complexes depends on the presence of Smad4 in the vicinity of the activated receptor (Wu et al., 2001b) . Given that Smad4 is not in large excess over Smad2 and 3 (our unpublished data), it is important for Smad4 to exit the nucleus at the same time as the inactive Smad2 and 3, since it has to be present in the cytoplasm when the R-Smads are rephosphorylated.
Two molecules important for R-Smad recycling remain to be identified: the nuclear phosphatase and the nuclear exporter. Attempts to inhibit the phosphatase A previous model for TGF-␤ signaling suggested that A model is shown in Figure 7 that depicts this dynamic termination of the signaling pathway occurred through signaling process. The essence of the model is that the ubiquitination and degradation of the nuclear phosrather than existing as a static pool of activated Smads phorylated R-Smads (Lo and Massagué , 1999), implying in the nucleus, the R-Smads are being constantly dethat signaling to the nucleus by the Smads was a oneway process. In contrast, our data demonstrate that phosphorylated, which results in dissociation of the the Smads continuously cycle between the nucleus and to be transported from the cytoplasm to the nucleus. These may be transcriptional regulators such as the cytoplasm, enabling them to sense the duration of receptor activity. These apparent contradictions, howSmads, STATs, or ␤-catenin, or kinases such as ERK MAP kinase. It will be very interesting to determine ever, may be reconciled. First, the view that the phosphorylated nuclear Smad2 was degraded and not whether constant recycling of components between the nucleus and cytoplasm during the period of active sigdephosphorylated relied on the use of proteasome inhibitors, which will stabilize any cellular components naling is a feature of other signaling pathways. that are normally degraded via the proteasome. This will 
